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Swirling Flow in a Research Combustor

J.I. Ramos* and H. T. Somert
Carnegie-Mellon University, Pittsburgh, Pennsylvania

Measurements of turbulent, confined, swirling flows have been obtained by means of a two-color laser
Doppler velocimeter in a research combustor and compared with other experimental data and numerical results
obtained by means of two two-equation models of turbulence. The combustor consists of two confined, con-
centric, swirling jets whose mass flow rates and swirl numbers can be controlled independently, and which can be
used to study cold flow, premixed and non-premixed reactive flows, and two-phase flows. Results are reported
for cold flow conditions under co- and counterswirl. It is shown that under both conditions a closed recirculation
zone is created at the combustor centerline. This zone is characterized by the presence of a one-celied toroidal
vortex, low tangential velocities, high turbulent intensities, and large dissipation rates of turbulence kinetic
energy. The experimental data agree satisfactorily with the numerical results, but do not agree with other ex-
perimental data under coswirl flow conditions. The reasons for the discrepancies are discussed.

Introduction

N important application of swirling flows lies in its use

to provide flame stabilization and improved mixing in
many combustion chambers.! In order to achieve enhanced
flame stabilization and better control of the mixing process,
multiple coaxial swirling streams can be introduced in swirl
combustors. Yetter and Gouldin? carried out a series of
experiments on a model combustor which uses two coaxial
swirling jets. They found that the fluid mechanical aspects
play an important role in determining the operation of the
combustor; combustion under coswirl conditions (jets
rotating in the same direction) was found to be significantly
different from combustion under counterswirl conditions. Vu
and Gouldin® performed experiments in a model combustor
composed of two confined coaxial swirling jets under
nonreacting conditions. They found that a recirculation zone
occurs only with counterswirl near the exit of the inner jet.
The recirculation zone was in the form of a one-celled
toroidal vortex having very low swirl velocities. Habib and
Whitelaw* performed similar experiments in confined coaxial
jets although under weak swirl conditions, i.e., no recir-
culation zone at the combustor centerline appeared in their
experimental work. Gouldin et al.’ performed experiments
similar to those reported here and in Ref. 3 by means of a
laser Doppler velocimeter (LDV) and found that a recir-
culation zone is created at the combustor centerline only
under counterswirl flow conditions. The results of Gouldin et
al.’ and Vu and Gouldin® indicate that, in the geometrical
arrangement employed by these investigators, coswirl does
not result in a recirculation zone under incompressible flow
conditions. The results presented in this paper show that a
recirculation does exist under both co- and counterswirl flow
conditions.

Experimental work on turbulent, confined, swirling flows
has also been performed by Rhode,® Rhode et al.,” Gupta et
al.,? and Yoon and Lilley.? Rhode® and Rhode et al.” studied
swirling flows in a combustor provided with a sudden ex-
pansion by means of a visualization technique in which
neutrally buoyant helium filled soap bubbles were employed.
The results of the visualization technique were compared with
a two-equation model of turbulence and showed that the
model predicts the gross features of the flowfield. Gupta et
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al.® modeled a magnetohydrodynamic (MHD) swirl com-
bustor and obtained good agreement between the theoretical
predictions obtained by means of a two-equation turbulent
model and the qualitative experimental results which were
obtained by means of a visualization technique. Yoon and
Lilley® employed a five-hole pitot probe to measure the mean
velocity profiles in confined swirling flows and showed that,
in a combustor provided with a sudden expansion, a recir-
culation zone is created at the combustor centerline. This
recirculation zone is, in some cases, followed by a precessing
vortex core. Yoon and Lilley? also investigated the effects of a
downstream contraction on the centrally-located recirculation
zone and showed that the recirculation zone is shortened by
the downstream contraction.

In a recent experimental study, Sommer'® employed LDV
to measure the mean velocity field and Reynolds stresses in a
research combustor similar to that employed by Vu and
Gouldin® and Gouldin et al.,* and showed that a recirculation
is created at the combustor centerline under both co- and
counterswirl flow conditions. This recirculation zone has the
form of a one-celled toroidal vortex. Sommer’s' ex-
perimental results for coswirl flow conditions are distinctly
different from those of Vu and Gouldin® and Gouldin et al.,*
who employed hot-wire anemometry and LDV, respectively.
They should also be compared with the experimental data
obtained by Yetter and Gouldin? who showed that a recir-
culation zone does exist for both co- and counterswirl under
reacting flow conditions. The results of Vu and Gouldin,?
Gouldin et al.,’ and Yetter and Gouldin? indicate that the
flowfield in a swirling flow combustor is very sensitive to the
chemical heat release in that under incompressible flow
conditions a recirculation zone is observed only under
counterswirl, while under reacting (premixed) flow conditions
a recirculation zone is observed under both co- and coun-
terswirl.

In addition to the experimental work on confined swirling
flows reported in the previous paragraphs, there has been a
great interest in predicting such flows because of their im-
portance in increasing the rates of mixing and reaction in
practical combustors.! For example, Habib and Whitelaw*
employed a k/e¢ model of turbulence and compared their
numerical predictions with experimental data under weak
swirl flow conditions. Habib and Whitelaw* found that the
turbulence model employed in their calculations was unable to
predict the experimentally observed velocity minimum at the
centerline of their combustor model. This inability was at-
tributed to the lack of streamline curvature effects in their
turbulence model and to the inappropriateness of an isotropic
turbulent viscosity in swirling flows.
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Fig. 1 Schematic of the swirl combustor.
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Fig.2 = Schematic of the LDV and data acquisition systems.

Kubo and Gouldin!' developed a numerical technique for
solving axisymmetric, incompressible, turbulent swirling
flows. They used the steady state conservation equations in
terms of the vorticity and streamfunction, and showed that a
recirculation zone appears under co- and counterswirl flow
conditions.

Similar results were found by Ramos using the k/e and
k/? models of turbulénce, where k and e are the turbulence
kinetic energy and the dissipation rate of turbulence kinetic
energy, and {is the turbulent length scale. From the numerical
results of Kubo and Gouldin,"! and Ramos,'>!? it was
concluded that the k/e and k/f models of turbulence (with the
set of constants used in these works) predicted a recirculation
zone at the combustor centerline under coswirl conditions,
whereas the experimental data of Vu and Gouldin® do not
show such a recirculation zone.

Similar results were found by Srinivasan and Mongia,'®
who employed the inlet boundary conditions experimentally
measured by Vu and Gouldin® and found that, with these
boundary conditions, the k/e¢ model employed in their
calculations was unable to predict a recirculaton zone under
both co- and counterswirl flow conditions. In order to predict
a recirculation zone at the combustor centerline, Srinivasan
and Mongia'® found it necessary to include the effects of
streamline curvature in their turbulence model by means of a
curvature Richardson number. The introduction of such a
number resulted in a recirculation zone for both co- and
counterswirl flow conditions. The numerical results were
found to be in agreement with the experimental data of Ref. 3
only for counterswirl. For coswirl flow conditions their
modified k/e model predicted a recirculation zone that had
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not been observed by Vu and Gouldin.? Ramos!*!7 employed

the k/e and k/f models of turbulence and compared the
numerical predictions with the experimental data of Vu and
Gouldin.? He showed that both models can predict a recir-
culation zone at the combustor centerline under both co- and
counterswirl flow conditions if appropriate inlet boundary
conditions are employed in the calculations, even when the
effects of the streamline curvature are not included in the
turbulence models. For example, Ramos'*!” showed that
both the k/e and k/f models are unable to predict a recir-
culation zone for both co- and counterswirl flow conditions if
a solid body rotation is employed for the inner jet tangential
velocity profile at the combustor inlet. However, if the
azimuthal velocity profile of the inner jet is assumed to consist
of a combination of a solid body rotation and a free vortex
structure, then both models predict a recirculation zone at the
combustor centerline under both co- and counterswirl flow
conditions.!*'”  Ramos'*!7 compared the numerical
predictions of the k/e and k/f models with the experimental
data of Ref. 3 and obtained good agreement for counterswirl
flow conditions. For coswirl, the numerical calculations
predicted a recirculation zone which was not observed in Ref.
3. Sommer'® compared his LDV data with the numerical
results of Ramos!'# and showed that the experimental data are
in good agreement with the numerical predictions. Som-
mer’s!® experimental data were also found in good agreement
with those of Vu and Gouldin® for counterswirl flow con-
ditions, but showed a recirculation zone under coswirl which
had not been found by Vu and Gouldin.>

In this- paper the axisymmetric, turbulent, swirling
flowfield in a research combustor is studied both ex-
perimentally'® and numerically.'* The combustor consists of
two concentric pipes and can operate under co- and coun-
terswirl flow conditions. Measurements of the mean axial
velocity, mean tangential velocity, turbulence intensity, and
Reynolds stresses have been obtained by means of a two-color
laser Doppler velocimeter that measures the axial and
tangential velocity components simultaneously. Measure-
ments are presented for nonreacting (cold) flows under both
co- and counterswirl conditions.!® These measurements are
compared with the numerical results obtained by means of
two two-equation turbulence models.!*!” These models use an
isotropic eddy diffusivity and solve equations for the tur-
bulence kinetic energy and for the turbulent length scale.!”
Both the experimental and numerical results are compared
with those obtained by Vu and Gouldin® in a similar
geometrical arrangement by means of a hot-wire anemometer.

The experimental data presented here are believed to be
very important for the validation of numerical predictions of
confined swirling flows. This validation is necesary if the
numerical models are to predict the flowfield in more complex
geometrical arrangemients under reactive flow conditions. In
addition, a validation of the numerical predictions of in-
compressible (cold) swirling flows is necessary before in-
vestigating the flowfield in reactive swirling flows. Such a
validation is presented here. However, due to space
limitations, the turbulent models, governing equations, and
boundary conditions are not shown in this paper; they can be
found in Refs. 12-14.

Experimental Apparatus
The experimental setup consists of a research combustor, a
two-color laser Doppler velocimeter system, and signal
procesing hardware and software. A brief description of these
three components of the experimental apparatus is given in
the following sections.

Combustor Facility

The experimental apparatus was built to study complex
swirling flow systems whose mass flow rate, swirl number,
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and initial turbulence level can be controlled. The ex-
perimental setup used to generate a controllable swirl-
stabilized flow consists of ‘three sections: a combustion air
supply section, a swirl generating section, and the test section
(Fig. ).

A high pressure head centrifugal air blower provides a
maximum flow rate of 2576 m3/h (91,000 ft3/h) to cover the
Reynolds number range of interest (10*-10%). The air is
filtered through a high efficiency filter system to clean it of
uncontrolled particles. The flow rate is controlled by a
calibrated butterfly valve. A 4.60 m (15 ft) long, 20 cm (8 in.)
diam pipe connects the blower with the swirl generating
section. Flow straighteners (honeycomb) are installed to
provide a fully developed turbulent flow with a uniform
velocity profile at the entrance of the swirl generator section.

The outer swirl chamber consists of an annular passage of
constant cross-sectional area to reduce pressure drops and a
24 adjustable vane swirl generator. The vanes introduce a
tangential velocity component to create the swirl in the test
section. The inner swirl chamber is designed in the same way
so that a supply of swirling fuel gas and/or air and co- and
counterswirl flows can be investigated in the test section. The
third section of the experimental apparatus consists of a pyrex
glass tube in which the two swirling flows interact. In this
region, a spark plug can be used to ignite the combustible
mixture in the recirculation zone. The pyrex glass tube
discharges the air or reaction products into an exhaust system.
As indicated in Fig. 1, the inner swirl flow can contain
premixed fuel and air so that reacting flow experiments can be
performed in the same experimental apparatus.

Laser-Doppler Velocity Diagnostics

A schematic of the laser Doppler velocimeter system is
shown in Fig. 2. A LEXEL two-color argon-ion laser provides
the monochromatic and coherent light sources. It gives up to 4
W of fundamental mode power for both the green (514.5 nm)
and the blue (488.0 nm) color beams. The beams are then
collimated to keep a divergence angle within 0.3 mrad. Color
separation, polarization, and beam splitting are all done in
TSI modules, which are optically shielded to block out the
background noise.

1 DATE OF EXPERIMENT....ovvvvvvinninivivivniiiiniiian 02-NOV- 81
2 TIME OF EXPERIMENT..... 03:57:57
3 DATA COLLECTED IN FILE. 001 .SV
4 X-COORDINATE IN CMS.... 1.000

5 Y~COORDINATE IN CMS...vvvviiniivaiciinnnn 0.000

6 Z-COORDINATE IN CMS.covvivvsiviiunninninisneiniin 0,000

7 HUMBER OF RECORDS COLLECTED IN THIS RUN............. 1181,

8 MODE TYPE. .o ievvvvinninniininnninns o COINCIDENCE
9 FREQUENCY SHIFTED IN MHZ (CHI) 2.000

10 FREQUENCY SHIFTED IN MHZ (CHO) 5,000

11 FREQUENCY SPACING IN MHZ (CHI) 5.670

12 FREQUENCY SPACING IN HHZ (CHO) 5,940

RESULTS OF CALCULATIONS:
MINIMS MAXIMS MEANZ RMSS ~ SKEWN-S  FLATN-S

U-COMPONENT ; 2.906 43,442 29,874 4,841 - ,507 4,386
W-COMPONENT:  -22.836 33,407 9.343 14,047 - .658 2,218
V(ABS.VEL): 11,712 47,860  34.282 5.031 - .469 3.878
UW: -531.164 364,508  -8.592 66,849 - .189 9.243

SIN(U, V) .099 1.000 870 .09 -1.015 6,636

GRAM -
CHARLIE

GRAM -~
CHARLIE

GAUSS

Fig.3 Typical computer output for one point in the flow.
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Acousto-optical  frequency-shifting devices are im-
plemented to circamvent highly fluctuating velocities and/or
directional ambiguity. Two separate sets of frequency shifters
with Bragg cells are used to prevent cross-talk between the two
channels. The four beams are then focused to a small probe
volume by the transmitting lens, which has a focal length of
242 mm. This probe volume is ellipsoidal in shape with major
and minor axes of 1.69 mm and 0.164 mm, respectively.
Because of the strong reflection due to the round glass tube
and high velocity fluctuations, it was decided to use forward
scattering instead of. backward scattering, which usually
lowers the signal-to-noise ratio.

In neglecting the effect of particle dynamics, it was also
assumed that the particle velocities represent the local fluid
velocities. The shape, size, and scattering properties of the
particles and the environment greatly affect the signals
received by the photomultiplier. In the cold flow experiments
reported here, aluminum oxide particles of diameters of about
0.3 um were used to seed the flow, and proved to be satis-
factory at a laser power of 1 W,

The light scattered by these particles is collected through the
receiving lens with a focal length of 242 mm and then filtered
and separated into the two colors again. To avoid direct
illumination from. the transmitting beams, the axis of  the
receiving optics forms an angle of 15 deg with that of the
transmitting optics. The fringe spacing is 5.67 um for the blue
color and 5.94 um for the green color.

Two photomultipliers with high quantum efficiency (22%)
and high sensitivity (300 xA/Im) convert the photon signal to
electric signal which is then downmixed in the frequency
shifter and processed by the counter. The downmixer allows a
0.- 10 MHz range of effective frequency shifting. Since the
green channel is chosen to measure the velocity in the
tangential direction and the blue channel that in the axial
direction, frequency shifting is 5.0 MHz for the green channel
and 2.0 MHz for the blue one.

Signal Processing

TSI counters are used to process the Doppler signals and are
connected to a PDP 11/34 mincomputer. The counters

1 DATE OF EXPERIMENT..oovvvvniniiniiiioiviniiiiiinins 02-NOV-81
2 TIME OF EXPERIMENT...... 03:57:57
3 DATA COLLECTED IN FILE.. 001 .Suv
4 X-COORDINATE IN CMS..... 1.000
5 Y-COORDINATE IN CMS... 0.000
6 Z-COORDINATE IN CMS.,.ovvvvviieivinnnans . 0.000
7 HUMBER OF RECORDS COLLECTED IN THIS RUN . 1191,
8 MODE TYPE ¢ vvvvvunronsnsrerss COINCIDENCE
9 FREQUENCY SHIFTED IN MHZ (CHI} 2.000
10 FREQUENCY SHIFTED IN MHZ (CHO) 5.000
11 FREQUENCY SPACING IN MHZ (CKD) S5.670
12 FREQUENCY SPACING IN MHZ (CHO).. 5.940
RESULTS OF CALCULATIONS:
MINIMS MAXIMS MEANZ RMSS
U-COMPONENT : 2,906 44,442 29.874 4,841
W-COMPONENT: ~ -22,836 33,407 9.343 15.047
V(ABS.VEL.): 11,712 47,860 34,282 5.031
UM: -531.164 364,508 -8.592 66,849
SINULW: .099 1.000 874 .095
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Fig. 4 Typical probability density function of the experimental data.
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Fig. 5 Mean axial velocity profiles for counterswirl: ®, Vu and
Gouldin® hot-wire data; —, k/f model - -, k/¢ model; o, LDV data.

Fig. 6 Mean tangential velocity profiles for counterswirl: @, Vu
and Gouldin® hot-wire data; —, k/f model; - -, k/e model; o, LDV
data.

eliminate invalid data by setting thresholds and by comparing
levels on both amplitude and time coordinates. An interfacing
buffer between counters and computer measures the time
between data information and sets a time window to make
sure that the two counters are viewing the same particle. Data
rate of validated counts is kept in the range of about 1000/s.

Two groups of interactive programs written in FORTRAN
have been developed. The on-line data collecting procedure
allows an instantaneous brief check of mean velocity and
velocity rms with a histogram plot. This program directs the
computer to accept up to 4000 valid velocity values and to
store them in its memory. A statistical representative set of
these values is used to obtain the velocity and turbulence
information.

A program was developed to perform a complete statistical
analysis of the laser Doppler velocimeter data of both velocity
components, It predicts the first four statistical moments of
the data, and reconstructs the probability density function
assuming Gaussian and Gram-Charlie distributions. Figure 3
shows a typical computer output for one point in the flow. A
total of 1181 individual velocity values for each component
were analyzed. An average velocity of 29.87 m/s in the axial
direction (1) was observed with a velocity rms of 4.84 m/s.
The tangential velocity component (w) was measured to be
8.34 m/s with a velocity rms of 14.05 m/s. Mean and velocity
rms values and Reynolds stresses were calculated and their
distributions plotted.

Figure 4 corresponds to Fig. 3 and shows the probability
density distribution of the real data. Figures 3 and 4 represent
a typical record of a velocity-turbulence measurement at one
point in the test section. Similar records were obtained at the
other locations reported in this paper.

Presentation of Results

Some of the measured results are shown in Figs. 5-12 and
are compared with the experimental data of Vu and Gouldin.?
They are also compared with the numerical results obtained
by means of the k/e and k/{ models, where k is the turbulent
kinetic energy, e is the dissipation rate of turbulent kinetic
energy, and { is the turbulent length scale. The governing
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Fig. 7 Turbulent intensity profiles for counterswirl; @, Vu and
Gouldin® hot-wire data; —, k/¢model; - -, k/¢ model; o, LDV data.

equations and boundary conditions employed in the num-
erical calculations are reported in Refs. 12-14. Reference 14
contains a summary of the models and boundary conditions
employed in the calculations reported here. Due to space
limitations, the governing equations and boundary conditions
used in the calculations are not reported here; they can be
found in Refs. 12-14.

Figures 5-8 correspond to counterswirl flow conditions in
which the mean axial velocity profiles at the combustor inlet
are uniform and equal to 30 and 20 m/s for the inner and
outer jets, respectively. (The swirl number is defined as the
ratio of the axial flux of the azimuthal momentum to that of
the axial momentum.) Figures 9-12 show the mean axial and
tangential velocity profiles, turbulent intensity profiles, and
Reynolds stresses at different axial locations along the
combustor for co-swirl flow conditions. These measurements
correspond to swirl numbers of 0.58 and 0.54 for the inner
and outer jets, respectively. The mean axial velocities of the
inner and outer jets at the combustor inlet are 30 and 20 m/s,
respectively. All of the measurements reported in Figs. 5-12
were obtained in a research combustor which consisted of a
3.72 cm diam inner pipe and a 14.50 cm diam outer pipe. The
combustor length was 116 cm.

In Figs. 5-12, the mean axial velocity () profiles have been
normalized by the inner jet axial velocity at the combustor
inlet (u,). These profiles are shown as a function of the radial
distance (r) which has been normalized by the inner pipe
radius (R;). They are shown at several axial locations (z)
along the combustor centerline. The axial locations have been
normalized by the inner pipe radius. The tangential velocity
(w) has also been normalized by the inner jet axial velocity at

calculated from i=~2k/3/u;, where i is the turbulent in-

tensity. The correlation ¥’ w’, where u’ and w’ denote
fluctuating axial and tangential velocity components, has also
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been normalized by the product of the square root of #°2 and
w’2, where an overbar stands for ensemble-averaged values.
The LDV results presented in Figs. 5-12 indicate that the
flowfield was axisymmetric, while the hot wire anemometry
data of Vu and Gouldin® show that their flow is not exactly
axisymmetric. The experimental data of Vu and Gouldin®
presented in Figs. 5-12 are the averaged values of those ob-
tained by these investigators on both sides of the combustor
symmetry axis.

In Fig. 5 we show the mean axial velocity profiles at four
axial locations as a function of the normalized radial distance.
This figure indicates that at z/R;=0.21, the axial velocity
profiles present two minima; one of them is located at the
centerline, while the other occurs at »/R; =1.0 and is due to
the finite thickness of the inner pipe. The velocity minimum at
the combustor centerline is due to the centrifugal forces that
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Fig. 8 Normalized axial-tangential velocity correlation profiles for
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Fig. 9 Mean axial velocity profiles for coswirl: ®, Vu and Gouldin?®
hot-wire data: —, k/{ model; - -, k/e model; -, LDV data.

Fig. 10 Mean tangential velocity profiles for coswirl: ®, Vu and
Gouldin? hot-wire data; —, k/¢model; - -, k/e model; -, LDV data.
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lift the inner jet and, eventually, produce a recirculation zone
as shown in Fig. 5 at z/R; =1.05, 2.10, and 3.15. Figure 5 also
indicates that the mean axial velocity values obtained with the
LDV system are smaller than those obtained by Vu and
Gouldin® by means of a hot-wire anemometer. This is par-
ticularly noticeable in the inner jet at z/R; =0.21, where the
normalized axial velocity profile obtained with hot-wire is
about 30% larger than that obtained with LDV. Figure 5 also
shows that the centerline velocity at zR; =0.21 is smaller in the
experimental apparatus of Vu and Gouldin® than in the one
presented here. The numerical results obtained with the k/e
and k/f models are in very good agreement with each other
and with the LDV data in the inner jet. However, they are in
slightly better agreement with the hot-wire data in the outer
jet. It should be pointed out that the inlet boundary con-
ditions employed in the calculations presented here are not
those of the experiments. The inlet boundary conditions were
selected to give the best overall agreement with the ex-
perimental data of Vu and Gouldin® for counterswirl flow
conditions without introducing curvature effects in the two-
equation models of turbulence.

In Fig. 6 we present the nondimensional tangential velocity
profiles at different axial locations along the combustor
centerline for counter-swirl flow conditions. The LDV data
are in reasonable agreement with Ref. 3 particularly in the
inner jet. Both the tangential velocity values measured with
the LDV and hot wire are approximately equal. However, at
z/R; =0.21, the LDV data show that the tangential velocity of
the inner jet presents a maximum closer to the combustor
centerline than the hot wire data. This behavior is also ob-
served in the numerical predictions which overpredict the
velocity peaks. The agreement between the LDV and hot wire
data improves downstream, i.e., at z/R;=1.05, 2.10, and
3.15. However, some discrepancies between the LDV and hot
wire data are observed in the outer jet region whose free
vortex tangential velocity profile decays much more slowly
than that of the inner jet. The numerical results obtained with
the k/¢ and k/f models differ little from each other but are in
better agreement with the hot wire data than with the LDV
data, .

In Fig. 7 we show the turbulent intensity profiles at three
axial locations. The turbulent intensity profiles obtained with
the hot-wire anemometer are in good agreement with the LDV
data in the inner jet region. These profiles show a peak at
r/R; =1.0, i.e., at the interjet shear layer, which is mainly due
to the turbulence production there. Figure 7 also shows that
the recirculation zone is characterized by large levels of
turbulence that decay downstream of the combustor inlet. The
numerical calculations show substantial differences with the
hot-wire and LDV data. These discrepancies are shown in Fig.
7 at z/R;=0.21 and 1.05 and are characterized by the
presence of two turbulent intensity peaks. One of the peaks is
located at the interjet shear layer, while the other is located in
the recirculation zone and is associated with the radial
gradients of the axial and tangential velocities at the com-
bustor centerline as shown in Figs. 5 and 6.

We now turn our attention to the coswirl flow conditions
shown in Figs. 9-12. In Fig. 9, we present the normalized
mean axial velocity profiles as a function of the normalized
radial coordinate at four axial locations along the combustor
centerline. This figure indicates that there are substantial
differences between the hot wire and LDV data and numerical
predictions. Both the LDV data and the numerical predictions
show a recirculation zone at the combustor centerline, e.g., at
Z/R;=0.52 and 1.57. However, the magnitude of centerline
velocity predicted by the numerical calculations is larger than
that measured by the LDV. The numerical results are in
qualitative agreement with the LDV data. However, both are
in disagreement with the hot-wire data of Vu and Gouldin? in
that the LDV measurements and numerical calculations show
that a recirculation zone does exist at the combustor centerline
under coswirl flow conditions, whereas the hot-wire data do



246 J. I. RAMOS AND H. T. SOMER
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Fig. 11 Turbulent intensity profiles for coswirl: @, Vu and
Gouldin® hot-wire data; —, k/¢{model; - -, k/e model; -, LDV data.

not show such a recirculation zone. One could attribute the
differences between the hot-wire and LDV data to the
disturbances introduced by the hot wire probe and the fact
that the flow direction is very complex, so that the hot-wire
data are not very accurate. (The hot-wire anemometer is not
sensitive to the flow velocity direction.) For example, Vu and
Gouldin® estimate that at the centerline where the turbulent
intensity is higher than 30%, errors of about +20-50% are
expected. However, in a recent paper, Gouldin et al.® studied
the flowfield in the same combustor as Vu and Gouldin® by
means of an LDV and showed that there is no recirculation
zone at the centerline of their combustor under cold flow
coswirl conditions. Since both Ref. 5 and the experiments
reported here were performed in a similar arrangement, the
reasons for the discrepancies in the velocity measurements
may be attributed to the different methods employed to
generate swirl in both experiments which also produce dif-
ferent inlet boundary conditions. Since the same swirl number
was employed in both experiments, the hot-wire and LDV
data indicate that the swirl number is not the only parameter
that controls the flowfield in a swirl combustor, and that the
flowfield is very sensitive to the inlet velocity profiles. Similar
sensitivity has been observed in the numerical experiments of
Rhode,®, Ramos,!*!7 Srinjvasan and Mongia,'® Abujelala
and Lilley,' and Sturgess et al.?’ For example, Ramos!*!?
showed that a tangential velocity profile consisting of a solid
body rotation in the inner jet does not produce a recirculation
at the combustor centerline for both co- and counterswirl flow
conditions when turbulence models are applied to swirling
flows without modification. Similar results were found by
Srinivasan and Mongia,?"® who included a curvature
Richardson number effect in the k/e model and predicted a
recirculation zone for both co- and counterswirl flow con-
ditions when the experimentally measured inlet boundary
conditions were employed in the numerical calculations.
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Fig. 12 Normalized axial-tangential velocity correlation profiles for
coswirl.

Rhode® has shown that, under coswirl flow conditions, a
recirculation zone does not exist. However, his calculation
goes completely astray for downstream locations greater than
5 cm. Predictions by Sturgess et al.?® have the same general
character as those of Rhode® and Srinivasan and Mongia'8
but do not yield a recirculation zone (just). The differences
between the results of Sturgess et al.?* and Srinivasan and
Mongia'® are more due to the inlet boundary conditions than
to grid differences. The boundary conditions employed in the
numerical calculations reported here are shown in References
12-14.

In Fig. 10, we show the tangential velocity profiles at
different axial locations. These profiles indicate that higher
tangential velocities are measured by the LDV than by the hot
wire at z/R; =0.10. These profiles are characterized by two
velocity peaks located in the inner and outer jet regions. The
LDV data indicate that the inner jet velocity peak is damped
much more quickly than that measured with the hot wire. This
can be observed in Fig. 10 at z/R; =0.52, 1.57, and 3.67. The
outer jet velocity profile is preserved much longer than the
inner jet ome. The numerical results are in qualitative
agreement with both the LDV and hot-wire data. The
agreement with the LDV data is more satisfactory.

In Fig. 11, we show the turbulent intensity profiles at
different axial locations along the combustor centerline. The
LDV data only present a turbulent intensity peak, while the
hot wire data show two peaks at z/R; =0.52. Downstream of
this location, the two peaks merge into one, and the LDV and
hot wire data are in good agreement although the turbulent
intensities measured with the LDV are higher than those
obtained with the hot wire. The numerical results are in
qualitative agreement with the experimental data, but un-
derpredict the turbulent intensity profiles in the inner jet
region at z/R; =1.57 and 3.67.

In Fig. 12 we present the velocity correlations. These
correlations are positive at the three axial locations shown in
the figure and are not zero at the combustor center. The
turbulence models employed in the calculations reported here
assume that ¥’ w’ =0 at the centerline, since this correlation is
assumed to be proportional to the corresponding mean flow
strain rate which is zero at the centerline. Figure 12 also shows
that the velocity correlations present a maximum at the in-
terjet shear layer under coswirl flow conditions instead of the
two peaks observed under counterswirl. Also, the magnitude
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of the velocity cross-correlation is smaller for coswirl than for
counterswirl. These results are consistent with the intensity of
the interjet shear layer: as the magnitude of the outer swirl is
decreased from counterswirl to coswirl flow conditions, the
interjet shear layer intensity decreases.

As we mentioned previously, the LDV measurements
reported herein are in reasonable good agreement with the
hot-wire data of Vu and Gouldin® and the LDV results of
Gouldin et al.> for counterswirl flow conditions. However,
for coswirl flow conditions, our LDV data show a recir-
culation zone that has not been previously observed by either
hot-wire or LDV measurements. A comparison of the LDV
data reported here with those of Habib and Whitelaw* can
only be qualitative because these investigators only studied
weak swirl conditions, i.e., no recirculation zone at the
combustor centerline was observed in their experiments. In
addition, their combustor is provided with a sudden ex-
pansion. However, such a qualitative comparison reveals
that, in the experiment of Habib and Whitelaw,* the turbulent
intensity peaks at the interjet shear layer and is about 50%.
The axial velocity profile was also observed to peak off the
combustor centerline in the experiments presented here, as
shown in Figs. 5 and 9. Thus, the general flow trends observed
by Habib and Whitelaw* are qualitatively similar to those
shown in this paper. A toroidal recirculation similar to the
one reported here has also been observed by Yoon and Lilley®
in a swirl combustor provided with a single swirling jet and a
sudden expansion. The results were obtained with a five-hole
pitot probe and indicate that the flowfield is very sensitive to
the swirl vane angle and inlet boundary conditions.

The experimental data presented here, as well as those of
other investigators, indicate that substantial errors can be
introduced by perturbing the flow by means of a hot-wire
probe’ and that the flow is rather sensitive to the method
employed to generate swirl. They also indicate that the swirl
number is not the only parameter that characterizes swirling
flows and that the inlet flow boundary conditions should be
provided in future experiments so that they can be used to
validate and improve turbulent models for swirling flows
before they are employed to predict more complex
geometrical arrangements possibly with chemical reactions.

Conclusions

A two-color laser Doppler velocimeter has been employed
to measure the mean axial velocity, mean tangential velocity,
turbulence intensity and velocity cross correlation profiles in a
combustor under nonreacting, turbulent swirling flow con-
ditions. Co- and counterswirl conditions have been measured
and compared with experimental data obtained with hot
wires. The measurements have also been compared with
numerical results obtained by means of two two-equation
turbulence models for the turbulence kinetic energy and the
turbulent length scale. The comparison with the experimental
data shows a satisfactory agreement among the hot-wire,
LDV, and numerical data for the axial velocity profiles under
counterswirl flow conditions. However, the tangential
velocity of the inner jet and the turbulent intensity profiles
show substantial differences. The numerical results indicate
that turbulence generation occurs at the interjet shear layer
and in the recirculation zone, while both sets of experimental
data indicate that the turbulence kinetic energy peaks at the
interjet shear layer. Under counterswirl flow conditions the
velocity cross-correlations present two peaks: one is located at

the interjet shear layer; the other is located near the com- .

bustor centerline. The locations of these peaks coincide with
the locations of the steepest axial and tangential velocity
gradients. )
Under coswirl flow conditions the LDV data and numerical
results show a one-celled toroidal recirculation zone that is
not observed in the hot-wire data. The hot-wire data also
show larger tangential velocity profiles than the LDV data
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and numerical results. They also show two turbulent intensity
maxima that are not detected either numerically or in the LDV
data. The velocity cross-correlation profiles are of less
magnitude than the corresponding profiles under counterswirl
flow conditions, and show similar trends to those of the
turbulence intensity.

‘The numerical results are in qualitative agreement with the
LDV measurements for both co- and counterswirl flow
conditions. However, they use an isotropic eddy diffusivity
and do not consider the effects of streamline curvature on the
turbulence. The inclusion of these effects may yield more
accurate results. Experimiental information concerning the
boundary conditions at the combustor inlet is needed, since
small changes in these conditions cause large changes in the
flowfield. More experimental results are also needed to verify
the existence of a toroidal recirculation zone under coswirl
flow conditions, and to assess whether the swirl number is the
only parameter which defines the existence of a recirculation
zone. It has been found numerically that different tangential
velocity profiles may give the same swirl number, but dif-
ferent flow fields. The inflience of the tangential velocity
profile and modes of swirl generation should be addressed in
the near future. Also, experimerits should be carried out to
measure the inlet flow boundary conditions so that validation
checks of theoretical models for swirling flow can be un-
dertaken.
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